The relation between serum lipids, membrane fluidity, insulin, and the activity of the sodium-hydrogen exchanger was investigated in human lymphocytes from 83 subjects. Subjects had a wide range of serum lipids and no concurrent disease. Lymphocyte membrane anisotropy (inversely related to membrane fluidity) was measured with a fluorescence polarization method. Sodium-hydrogen exchange maximal proton efflux rate, affinity for external sodium, and resting pH were determined with the intracellular pH-sensitive fluorochrome 2',5'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein. Sodium-hydrogen exchange maximal proton efflux rate was negatively correlated with the age of the subject (p=0.03). Membrane anisotropy correlated with serum triglyceride (p=0.04). Multiple regression analysis demonstrated that the maximal proton efflux rate in human lymphocytes was significantly related to age (p=0.005), systolic blood pressure (p=0.04), membrane anisotropy (/>=0.03), and serum cholesterol (p=0.03). Incubation of lymphocytes with insulin failed to affect sodium-hydrogen exchange kinetics, intracellular buffering power, or resting intracellular pH. These results suggest that membrane-bound transport proteins may be influenced by serum lipids and the fluidity of the lipid membrane in which they are bound, but they are unlikely to be affected by insulin. 
A bnormalities of a number of transport processes have been described in essential hypertension. . These include increased Na + -H + exchange, 1 " 3 increased Na + -Li + countertransport, 4 -5 and reduced Na + ,K + -ATPase. 6 The most frequently described is abnormal erythrocyte Na + -Li + countertransport, which has been suggested as a genetic marker of essential hypertension. 4 Recently, however, the suggestion has been made that Na + -Li + countertransport in essential hypertension may be influenced by serum lipids (for review, see Reference 7) and insulin levels, 8 -9 particularly in relation to insulin resistance. This may be relevant to elevated Na + -Li + countertransport in hypertension, because this condition commonly coexists with abnormal lipids and insulin resistance. It also questions the idea of a purely genetically determined level of countertransport activity. Canessa et al 10 have presented good evidence that Na + -Li + countertransport is a mode of operation of Na + -H + exchange, although this remains controversial. 7 Na + -H + exchange is involved in the control of cell pH and volume, response to humoral vasoactive agents, renal reabsorption of sodium, and cell proliferation and growth." All of these have been implicated in the pathogenesis of hypertension. Na + -H + exchange is also elevated in essential hypertension, so it is important to ascertain whether Na + -H + exchange is influenced by serum lipids and insulin in parallel with Na + -Li + countertransport. Relations between serum lipids, which are in dynamic equilibrium with membrane lipids, and various transport processes other than Na + -H + exchange have been described extensively. 51213 In vitro perturbations of membrane lipids and fluidity also affect transport activity. 1415 Because membrane fluidity is determined in part by lipid composition, it would seem reasonable to anticipate that hyperlipidemia may affect Na + -H + exchange through changes in fluidity.
Hyperinsulinemia and insulin resistance commonly coexist with hypertension and hyperlipidemia. Together with the in vivo evidence of a relation between insulin levels and Na + -Li + countertransport, 89 in vitro studies have demonstrated that Na + -Li + countertransport and Na + -H + exchange may be affected by incubation with insulin. 16 ' 17 However, the reports in vitro have been inconsistent.
In this study, therefore, we examined whether serum lipids or membrane fluidity (measured with a fluorescent probe) are related to Na + -H + exchange activity. This was performed in peripheral blood lymphocytes (a common cell type used for studying Na + -H + exchange 18 ' 19 ) from subjects with a wide range of serum lipids. In view of the proposed effect of insulin on Na + -Li + countertransport and Na + -H + exchange, we also determined whether insulin modifies Na + -H + exchange activity by incubating lymphocytes from normal donors with human insulin.
Methods

Subjects
Eighty-three subjects were recruited from the lipid clinic and from the hospital and medical school staff. The subjects were normotensive and medication-free for the month preceding the study, on an unrestricted diet, and had no concurrent illnesses. Specifically, hypertension, diabetes, and symptomatic vascular disease were excluded. Otherwise, subjects were unselected. Sixty percent of the subjects were lipoprotein phenotype Ha, 12% type lib, 1% type III, 5% type V, and 22% had normal values. They were not selected on diagnostic grounds, because a heterogeneous group of dyslipidemias would allow study of the effect of a wide range of cholesterol and triglyceride profiles.
Blood pressure was recorded on at least three occasions after 5 minutes rest with subjects in the semirecumbent position, and the mean value was recorded. All studies took place in the morning after a 12-hour fast. Venous blood, taken with minimal stasis, was used for routine hematological and biochemical profiles, fasting blood glucose, and fasting lipid and lipoprotein estimation. Fifty milliliters of the same blood sample was used for the lymphocyte Na + -H + exchange kinetics studies. The insulin incubation experiments were performed on lymphocytes from 14 fasted, healthy, normotensive volunteers (age range, 24-33 years).
This study was approved by the West Lambeth Health Authority Ethical Committee. All subjects gave informed consent.
Materials
Physiological saline solution (PSS) contained (mM) NaCl 116, KC1 5.9, CaCl 2 1.8, NaH 2 PO 4 1.1, MgSO 4 0.8, glucose 5.6, and NaHCO 3 26; osmolality was 285-295 mosm/kg (gassed with 5% CO 2 , 37°C, pH 7.4). Doubledistilled, deionized, sterile water was used in preparation of all solutions. The acetoxymethyl ester of the pH-sensitive fluorescent dye 2',5'-bis(2-carboxyethyl)-5(6)-carboxyfluorescein (BCECF-AM) was obtained from Calbiochem Novabiochem, Nottingham, UK. Nigericin, nonesterified essentially fatty acid-free bovine serum albumin, and HEPES were obtained from Sigma Chemical Co., St. Louis, Mo. Trimethylammoniumdiphenylhexatriene (TMA-DPH) was from Molecular Probes, Eugene, Ore. Lymphoprep was purchased from Nycomed UK Ltd., Sheldon, Birmingham, UK. Insulin (Human Actrapid) was from Novo Laboratories Ltd., Basingstoke, Hampshire, UK. All other chemicals were from Sigma or BDH Chemicals (Poole, Dorset, UK).
Lymphocyte Isolation
Lymphocyte isolation was achieved by a modified version of the method first described by Boyum. 20 Fifty milliliters heparinized venous whole blood was diluted with an equal quantity of PSS buffer. This solution was layered onto a sterile sodium metrizoate (9.6%)/Ficoll (5.6%) mixture (Lymphoprep) and centrifuged (700g, 20 minutes, 20°C). The thin lymphocyte layer resting on the density interface was collected and resuspended in a large volume of PSS buffer gassed with 5% CO 2 (pH 7.4, 37°C). Two further washes were carried out; the final suspension contained 94-96% lymphocytes, the major contaminant cell type being monocytes.
One aliquot of cells was removed for anisotropy estimation and the rest incubated for 30 minutes with BCECF-AM (6 »M, 37°C, pH 7.4). The cell concentration used in the fluorometer at this and subsequent stages was 2-4xlO 9 /L.
Anisotropy
Membrane fluidity is a biophysical property of membranes that quantitatively expresses the mobility and rate of rotational motion of membrane lipid molecules. The fluorescent probe TMA-DPH is anchored at the external cell surface by its cationic TMA group, while the DPH moiety is intercalated between the outermost portions of the fatty acyl chains. Fluorescence anisotropy (inversely related to membrane fluidity) was measured by placing the cells in 3 ml PSS buffer in a quartz cuvette mounted in a fluorometer with computer-controlled excitation and emission polarizers (model LS-50, Perkin-Elmer, Beaconsfield, Bucks, UK). TMA-DPH (5 fiM) was added; fluorescence intensity (/) was measured at excitation and emission wavelengths of 350 and 430 nm, respectively (slits, 10 nm), and anisotropy (A) was calculated according to the equations 21 :
where the first element of the subscript pair is the excitation orientation and the second of the pair is the emission orientation (vertical, v; horizontal, h), and G is the correction factor for the optical system (evaluated before each anisotropy measurement). Preliminary experiments showed that the measured anisotropy was independent of cell number but sensitive to temperature and length of incubation, so these were controlled to 37°C and 5 minutes, respectively. The fluorescence of the unlabeled cells and the buffer was negligible. Coefficient of variation for the anisotropy measurement was 0.8%.
Measurement of Resting Intracellular pH and Calibration
After incubation with BCECF-AM, cells were centrifuged and then resuspended in PSS buffer (20 minutes, 37°C) to allow any esterified dye to diffuse out of the cells. One aliquot was placed in the fluorometer for resting pH measurement, another was resuspended in a K + /HEPES/nigericin (a K + -H + ionophore) medium (K + , 140 mM; HEPES, 10 mM; nigericin, 6 /xM; pH 6.2), and the remainder was used for the Na tassium hydroxide (0.1 M) to accomplish intracellular pH (pH|) changes in the suspension. External pH was measured using a pH meter with microelectrode (model PHA 270, Whatman Labsales Ltd., Maidstone, Kent, UK). The relation established between pH, and fluorescence ratios was sigmoidal but did not differ significantly from linearity between pH 6.2 and 7.6. The correlation coefficient for least-squares linear regression across this range was always > 0.995.
Na + -H + Exchange Kinetics
Recovery from intracellular acidosis induced by pH clamping using nigericin is almost entirely due, in lymphocytes, to Na + -H + exchange. 23 This was confirmed in this study using sodium-free medium and 5-(N,Nhexamethylene) amiloride, a specific inhibitor of Na + -H + exchange. The rate of pH recovery was found to be close to maximal at pHi 6.2.
Intracellular acidosis (pHj 6.2) was induced using a K + /HEPES/nigericin buffer (K + , 140 mM; HEPES, 10 mM; nigericin, 4 fiM; pH 6.2). The cells were centrifuged and the pellet resuspended in an identical buffer without nigericin but with the addition of nonesterified essentially fatty acid-free bovine serum albumin (5 g/L) to scavenge the residual ionophore. Aliquots (100 ^iL) were placed in a series of cuvettes to each of which was added 2.9 mL HEPES buffer (pH 7.4) of different sodium concentrations (140, 70, 30, 20, 10, and 0 mM, with equimolar substitution of choline for sodium). Fluorescence ratios were recorded continually from the moment of addition for 40 seconds (wavelengths and slit widths were as for the calibration above). The first 20 seconds of recovery was essentially linear, fitted by computer to a least-squares linear regression and converted to the rate of change of pH using the calibration relation. Coefficient of variation was 4.9% (for 140 mM sodium).
The values for maximal transport rate (K max ) and the sodium concentration associated with half maximal transport (K m ) were derived from a least-squares linear regression using the Hanes linear transformation for first-order kinetics 24 (r>0.95):
Rate of change of pHK^+V max
This transformation was chosen because it has been shown to give markedly superior estimates of K max and K m in comparison to the commonly used LineweaverBurk method. 25 This was confirmed in our own analysis.
Buffering Capacity
At any given pH,, H + efflux rate = buffering capacity x rate of change of pH,. Buffering capacity was measured in parallel acid-loaded cells (pH, 6.2) using the partitioning of ammonia across the cell membrane according to the method of Roos and Boron. 26 Ammonium chloride (final concentration, 1 mM) produced a pH change of approximately 0.2 units. This minimal change in pH consistent with accurate measurement is important, because buffering capacity changes dramatically with pH,, 27 and this method minimizes the systematic error.
Assuming that the pK a for dissociation of ammonia at 37°C is 8.89 and that this is unchanged in the intracellular environment and that NH 3 (not N H / ) is freely permeable across the cell membrane, then buffering capacity can be calculated from the following equations 26 : The coefficient of variation for the buffering capacity measurement was 4.8%.
Lipid and Lipoprotein Analyses
The serum concentration of cholesterol was measured by the cholesterol oxidase-4-aminophenozone (CHOD-PAP) enzymatic colorimetric method (Boehringer, Lewes, UK), with an interassay coefficient of variation of <3.5%. Serum triglyceride was also measured by an enzymatic method (Wako Chemicals, Neuss, Germany), with an interassay coefficient of variation of <3%. High density lipoprotein (HDL) cholesterol was assayed after the precipitation of apolipoprotein B with MnCl 2 and heparin. Low density lipoprotein (LDL) cholesterol was calculated by the Friedewald equation 28 (if triglyceride <4.5 mmol/L) or was measured after isolation of LDL at solution density d= 1.063 g/mL using preparative ultracentrifugation. 
Effect of Physiological Concentrations of Insulin
All subjects were fasted overnight. Blood (50 mL) was taken by venesection and insulin (50 milliunits/L) added to one half throughout the lymphocyte preparative procedure and during the estimation of Na + -H + exchange kinetics. The second half was treated identically but in the absence of insulin to act as a control. The procedures for isolation of lymphocytes and measurement of kinetics and buffering capacity were the same as those outlined above. The insulin concentration used approximates the level found in insulin-resistant states in vivo.
Statistical Analysis
All variables measured had approximately normal distributions, with the exception of triglyceride, which was normalized by log, 0 transformation. In view of the continuous nature of the variables, linear relations between variables were examined using single and multiple linear regression. Values of Pearson's correlation coefficient (/•) were also calculated. Variables included in the multiple linear regression model were chosen as those most likely to influence Na + -H + exchange on the basis of published work. Arithmetic means and 95% confidence intervals are given unless otherwise stated. A value of p<0.05 was taken to be statistically significant.
Results
Descriptive statistics for the 83 subjects in the study are given in Table 1 . Mean values and 95% confidence intervals of the variables measured are given, together with ranges where appropriate. Table 2 gives the results of least-squares linear regression on important variables. Na + -H + exchange K max in lymphocytes was significantly and positively correlated with age of the subject (p=0.03) (Figure 1 ). However, K max was not associated with any of the measured lipid variables nor with the membrane anisotropy. The affinity of the Na + -H + exchanger for external sodium (K m ) was significantly negatively correlated with the membrane anisotropy (p=0.02) (Figure 2 ) but paradoxically not with any of the lipid variables.
TMA-DPH anisotropy exhibited a significant negative correlation with logio(triglyceride) (p=0.04) (Figure 3 ) but was not related to total cholesterol (p=0.09) (Figure 4 ).
Both total cholesterol and LDL cholesterol were also associated with age (/?<0.001, /?=0.001, respectively), systolic blood pressure (p=0.009, p=0.01, respectively), diastolic blood pressure (p=0.04, p=0.03, respectively), and fasting glucose (p=0.03, p=0.02, respectively).
A multiple linear regression model for maximal proton efflux rate (I 7 ™,) was constructed using the predictor variables in Table 3 . These were selected as being most likely to influence the observed V max . The effect of age observed in single linear regression was still evident even after adjusting for the effect of other variables. Systolic blood pressure was significantly associated with Knax (/?=0.04) in this normotensive group of subjects. Membrane anisotropy and total cholesterol also corre- lated with this estimate of maximum Na + -H + exchange activity. These predictor variables together only account for 32.4% of the observed variance in K max . Similar multiple regression for K m and resting pH| revealed no significant correlations.
The effects of incubation of the lymphocytes with insulin (50 milliunits/L) on Na + -H + exchange K max , K m for external sodium, and resting pH| are shown in Figure  5 . In summary, no change in Na + -H + exchange activity or resting pH was demonstrated. Buffering capacity of the cells (not shown) was similarly unaffected.
Discussion
In this study, we have attempted to evaluate the association between human lymphocyte Na + -H + exchange, membrane fluidity, and serum lipids. We also sought to determine whether the activity of the Na + -H + antiport may be affected by insulin levels that approximate the highest found in vivo. When attempting to characterize membrane transport processes or changes induced in them by disease, it is important that both the maximal velocity (K max ) and the affinity (K m ) of the transporter are estimated. 29 Recent studies 230 on Na + -H + exchange have described antiporter kinetics solely in terms of an apparent "maximal" H + efflux rate under experimental conditions such that it approaches Knax-H has been demonstrated for Na + -Li + countertransport using similar kinetic analysis that changes in the apparent "maximal" rate of this transporter are greatly influenced by the K m value for external sodium. 31 In the absence of a measurement of K m , observed changes in the apparent maximal rate may be due to either a change in the true K max or a change in the K m of the antiporter. We have estimated both K ma5 and K m in this study, but their validity in vivo depends on two further assumptions related to the pH, at which they were obtained. First, a pH ; of 6.2 must stimulate maximal Na + -H + exchange. Second, a high concentration of hydrogen ions may induce conformational changes in the transport protein, which modify its activity indepen- tration by multiple linear regression (/?=0.03). This was not seen in simple linear regression (p=034) because of the confounding effect of age. However, no correlation was found between the K m value for external sodium and serum lipids even after adjustment for the effect of other variables. Furthermore, resting pH,, partially dependent on Na + -H + exchange, was similarly unaffected. A previous study from our laboratory in mixed leukocytes from essential hypertensive patients 2 showed a positive correlation between H + efflux and triglyceride and a negative correlation between resting pH and cholesterol. These findings have not been confirmed in this study, although the relation between K max and blood pressure was similar. However, there were important differences in the sample population, cell type, and method of Na + -H + exchange activity estimation. Furthermore, the influence of other variables, such as age, on the associations was not investigated. The correlation between H + efflux and triglyceride could possibly be explained by the demonstrated correlation between blood pressure and H + efflux in the hypertensive group in association with the known correlation between triglyceride and blood pressure.
In contrast to our present findings, artificial in vitro enrichment or depletion of membrane cholesterol has Multiple regression analysis demonstrated a positive correlation between Na + -H + exchange K max and systolic blood pressure. Although increased activity of this exchanger in the blood cells of hypertensive subjects has been previously well documented, 12 to our knowledge this is the only demonstration that Na + -H + exchange is correlated with systolic blood pressure in normotensive individuals.
TMA-DPH anisotropy was negatively correlated with the V mm of Na + -H + exchange by multiple regression. This finding suggests that there may be a link between the fluidity of the membrane and the activity of the Na + -H + exchange protein embedded in it. We are not aware of any previous reports concerning Na + -H + exchange activity and anisotropy. The negative correlation between the K m for external sodium and membrane anisotropy was not seen on multiple linear regression, suggesting that the association was due to the effect of the other variables in the model.
The importance of insulin and insulin resistance (both associated with essential hypertension) in relation to Na + -Li + countertransport has only recently been recognized, and many earlier studies have not attempted to estimate their influence. Two recent investigations have demonstrated a relation between insulin resistance (measured by the euglycemic hyperinsulinemic clamp technique) and Na + -Li + countertransport Knax-8 ' 9 In one of these, Na + -Li + countertransport was also correlated with fasting insulin levels, but no information about the relation with serum lipids was given. 9 In addition, and in contrast to the work in vivo, Foyle and Drury 16 have demonstrated that in vitro incubation of erythrocytes in physiological levels of insulin causes a dose-dependent reduction in the K max of Na + -Li + countertransport, although K m was not measured. However, Canessa et al, 17 using similar levels of insulin, could not demonstrate any change in the K max of Na + -Li + countertransport but a marked increase in K m for external sodium. These findings, although directly contradictory, suggest that circulating insulin levels may explain some of the variation in Na + -Li + countertransport seen in the previous studies. As insulin resistance and hyperinsulinemia are features of essential hypertension 43 and insulin appears to modulate Na + -Li + countertransport, it is clearly important to establish whether increased activity of the Na + -H + antiporter is due to a direct action of circulating insulin. Incubation of the lymphocytes in high physiological concentrations of insulin failed to show any change in the kinetic parameters of the Na + -H + exchanger. In vitro, Pontremoli et al 17 demonstrated increased erythrocyte Na + -H + exchange K max , but no change in the K m , in response to insulin levels between 30 and 100 milliunits/L. In vivo, Delva et al 44 could find no correlation between insulin levels and erythrocyte Na + -H + exchange K mM in essential hypertensive patients. The disparity between these findings and our own may be due to a more complex interaction in vivo or to variation in the expression of insulin receptors on the cell surface in different cell types, disease states, and races.
In summary, this study has demonstrated a strong relation between the K max of Na + -H + exchange and age of the subject. An association between the activity of the antiport and blood pressure was also evident in normotensive subjects. Multiple linear regression analysis demonstrated that the maximal activity of the exchanger is related to both the fluidity of the membrane and serum cholesterol. Despite previous assertions to the contrary, we were unable to demonstrate any effect of insulin on this transporter in vitro. We conclude that alterations in lipids and fluidity may be important determinants of Na + -H + exchange activity. This may be of relevance to diseases associated with abnormal lipids and membrane fluidity, such as hypertension and diabetes.
